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Adopting r5 1.5 kpc, the star-formation efficiency is e< 0.02, which
is consistent with that derived for local ultra-luminous infrared
galaxies17 and archetypal high-redshift sub-millimetre galaxies9, but
a factor of 20 lower than the most extreme ‘hyper’-starbursts at z< 6
(ref. 18).

Sub-Millimeter Array observations spatially resolve the galaxy’s
870-mm (345-GHz) continuum emission with a 0.299 synthesized
beam, providing a detailed view of the galaxy’s morphology. Figure 1
shows eight discrete components over ,499 in projection. These
represent two mirror images of the source, each comprising four
separate emission regions, reflected about the lensing critical curve.
Themap contains a total flux of S850mm5 (866 3)mJy, or (826 2)%
of the flux in the LABOCA map, suggesting that the structures in the
Sub-MillimeterArraymapcontain thebulkof the870-mmluminosity.
Reconstructing the source-plane image, the galaxy comprises four
bright star-forming regions in the source plane (A, B, C andD), which
are separated by 1.5 kpc in projection (A and B are separated by
,800 pc, C and D by ,450 pc). Assuming the dynamics of the CO
emission trace the virialized potential well of the galaxy, then on these
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Figure 1 | Multi-wavelength images of the galaxy cluster MACSJ2135-
0102. a, Hubble Space Telescope VI-band colour image of the galaxy cluster
with white contours denoting the 870-mm emission from observations with
LABOCA on the APEX telescope. Contours denote 5s, 10s, 15s, 20s, 25s
and 30s (with root-mean-square noise of 3.5mJy), identifying a sub-
millimetre galaxy with flux 106.06 7.0mJy (the quoted error on the galaxy
flux includes calibration uncertainties) at a5 21:35:11.6, d5201:02:52.0
(J2000), which is associated with a faint optical counterpart with magnitude
IAB5 23.66 0.2. The solid red lines denote the z5 2.326 radial and
tangential critical curves from the best-fit lens model. b, True-colour IRAC
3.6 mm, 4.5mm, 8.0 mm image of the cluster core with contours denoting the
350-mm emission from observations with the Submillimetre APEX
Bolometer Camera (SABOCA). Contours are spaced at 5s, 10s, 15s and 20s
(with root-mean-square noise of 23mJy); the 350 mm flux is 5306 60mJy.
The mid-infrared counterpart is clearly visible as an extended red galaxy
centred at the sub-millimetre position. The LABOCA and SABOCA full-
width at half-maximum (FWHM) beams are 1999 and 899 respectively. The
origins of both images are on the lensed galaxy with north up and east left.
c, Sub-Millimeter Array 870-mm image of the lensed galaxy. The map shows
eight individual components, separated by up to 499 in projection. The
contours denote the 870-mm emission and start at 3s and are spaced by 1s
(where 1s is 2.1mJy). The red line is the same z5 2.326 radial critical curve
as in a and b. The components (A, B, C and D) represent two mirror images
of the galaxy, each comprising four separate emission regions reflected about
the lensing critical curve. The inset shows the 0.33993 0.2199 synthesized
beam with position angle of 15u east of north.
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Figure 2 | Carbon monoxide observations of SMMJ213520102 obtained
with the Green Bank Telescope and Plateau de Bure Interferometer. The
redshift of z5 2.32596 0.0001 was derived from observations using
Zpectrometer, a wide-band spectral instrument on the Green Bank
Telescope28. a, Zpectrometer CO(1–0) spectrum, showing a double-horned
profile with a velocity offset of (2906 30) km s21 between the two peaks.
b, Plateau de Bure observations of the CO(3–2) emission, confirming both
the redshift and the multiple velocity components seen in CO(1–0). The
CO(3–2)/CO(1–0) flux ratio of 5.96 0.3 suggests that the molecular gas is
subthermally excited and we therefore derive a cold gas mass of
Mgas5M(H21He)5 aL9CO(1–0)5 (1.66 0.1)3 1010M[ with a5 0.8 (we
adopt a cosmology withVL5 0.73,Vm5 0.27 andH05 72 km s21Mpc21).
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The Standard Model
(of Cosmology): ΛCDM

• H0, Ωb, Ωm, Λ, σ8, ns, τ

• fits a wealth of data, e.g. :

Supernovae

BAO

Planck Collaboration: The Planck mission
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence
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small-scale P(k) is interesting!

• shape of primordial power spectrum related to shape of 
inflaton potential (e.g. running ⟹ V’’’)

• small-scale P(k) sensitive to physics of DM particles

Current best probe is Ly α forest (e.g. Seljak et al. 2006), but 
already approaching gas Jeans scale!

in future, CMB spectral distortions can probe k ~ 104

small-scale structure

Millennium-2 simulation (Boylan-Kolchin et al.)



abundances
• abundance of objects (e.g. cluster dn/dM) is 

sensitive to power spectrum

Planck Collaboration: Cosmology from SZ clusters counts

Table 2. Best-fit cosmological parameters for various combinations of data and analysis methods. Note that for the analysis using Watson et al.
mass function, or (1-b) in [0.7-1], the degeneracy line is different and thus the value of �8(⌦m/0.27)0.3 is just illustrative

�8(⌦m/0.27)0.3 ⌦m �8 1 � b

Planck SZ +BAO+BBN 0.782 ± 0.010 0.29 ± 0.02 0.77 ± 0.02 0.8
Planck SZ +HST+BBN 0.792 ± 0.012 0.28 ± 0.03 0.78 ± 0.03 0.8
MMF1 sample +BAO+BBN 0.800 ± 0.010 0.29 ± 0.02 0.78 ± 0.02 0.8
MMF3 S/N > 8 +BAO+BBN 0.785 ± 0.011 0.29 ± 0.02 0.77 ± 0.02 0.8
Planck SZ +BAO+BBN (MC completeness) 0.778 ± 0.010 0.30 ± 0.03 0.75 ± 0.02 0.8
Planck SZ +BAO+BBN (Watson et al. mass function) 0.802 ± 0.014 0.30 ± 0.01 0.77 ± 0.02 0.8
Planck SZ +BAO+BBN (1 � b in [0.7, 1.0]) 0.764 ± 0.025 0.29 ± 0.02 0.75 ± 0.03 [0.7,1]
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Fig. 7. Distribution in redshift for the clusters of the Planck cos-
mological sample. The observed number counts (red), are com-
pared to our best model prediction (blue). The dashed and dot-
dashed lines are the best models from the Planck SZ power spec-
trum and Planck CMB power spectrum fits, respectively. The
uncertainties on the observed counts, shown for illustration only,
are the standard deviation based on the observed counts, except
for empty bins where we show the inferred 84% upper limit
on the predicted counts assuming a Poissonian distribution. See
Sect. 6 for more discussion.

To investigate how robust our results are when changing our
priors, we repeat the analysis substituting the HST constraints
on H0 for the BAO results. Figure 6 (black contours) shows that
the main effect is to change the best-fit value of H0, leaving the
(⌦m,�8) degeneracy almost identical.

5.2. Robustness to observational sample

To test the robustness of our results, we performed the same anal-
ysis with different sub-samples drawn from our cosmological
sample or from the PSZ, as described in Sect. 3, following that
section’s discussion of completeness. Figure 8 shows the likeli-
hood contours of the three samples (blue, MMF3 S/N > 8; red,
MMF3 S/N > 7; black, MMF1 S/N > 7) in the (⌦m,�8) plane.
There is good agreement between the three samples. Obviously
the three samples are not independent, as many clusters are com-

Fig. 8. 95% contours for different robustness tests: MMF3 with
S/N cut at 7 in red; MMF3 with S/N cut at 8 in blue; and MMF1
with S/N cut at 7 in black; and MMF3 with S/N cut at 7 but as-
suming the MC completeness in purple.

mon, but the noise estimates for MMF3 and MMF1 are different
leading to different selection functions. Table 2 summarizes the
best-fit values.

We perform the same analysis as on the baseline cosmologi-
cal sample (SZ+BAO+BBN), but assuming a different computa-
tion of the completeness function using the Monte Carlo method
described in Sect. 3. Figure 8 shows the change in the 2D like-
lihoods when the alternative approach is adopted. The Monte
Carlo estimation (in purple), being close to the analytic one,
gives constraints that are similar, but shifts the contour along
the (⌦m,�8) degeneracy.

5.3. Robustness to cluster modelling

A key ingredient in the modelling of the number counts is the
mass function. Our main results adopt the Tinker et al. mass
function as the reference model. We use the Watson et al. mass
function to check for possible differences in our results due to
the most massive/extreme clusters. Figure 9 shows the 95% con-
tours when the different mass functions are assumed. The main
effect is a change in the slope of the degeneracy between⌦m and
�8, moving the best-fit values by less than 1�.

We also relax the assumption of standard evolution of the
scalings with redshift by allowing � to vary with a Gaussian prior
taken from Planck Collaboration X (2011), � = 0.66±0.5. Once
again, the contours move along the �8–⌦m degeneracy direction
(shown in blue in Fig. 9).
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abundances

M=1015 M☉ M=108 M☉

• abundance of objects (e.g. cluster dn/dM) is 
sensitive to power spectrum 

• low mass halos & sub-halos sensitive to small-
scale P(k)



“Via Lactea”
Diemand et al. 2006

halos and subhalos



1 MOTIVATION: THE PHYSICS OF INFLATION AND DARK MATTER

Figure 1: Left: Density projection in the Via Lactea-II simulation [18]. Middle: Similar, but
excluding particles belonging to subhalos whose masses never exceeded 108M� any time throughout
the simulation. Right: Like the middle panel, but excluding subhalos with M

max

< 1010M�. This
sequence should qualitatively illustrate the e↵ect of truncating the power spectrum on substructure
content in DM halos.

has already proven fruitful. For example, the current best constraints on small-scale cluster-
ing have been derived by comparing observations of the Lyman-↵ forest power spectrum at
z ⇠ 2 to simulations [e.g. 11]. It will be di�cult, however, for future Ly↵ forest observations
to constrain significantly smaller scales than current bounds, since existing high-resolution
measurements are already approaching the gas Jeans scale, below which fluctuations in the
forest are wiped out.

Another probe of the power spectrum is the abundance of collapsed structures like halos
and subhalos. A well-known example of this is the sensitivity of galaxy cluster abundance to
the power on ⇠ 10 Mpc scales [12], which has led to intensive e↵orts to measure cluster counts
over time as a probe of cosmology [e.g. 13–15]. Analogously, we can use the abundance of
low mass (M . 1010M�) halos or subhalos to probe the linear power spectrum on sub-Mpc
scales. For ordinary ⇤CDM cosmologies with ns ⇡ 0.96, we would expect a Milky-Way-
sized halo to contain many thousands of satellite subhalos [see 16, for a recent review]. For
other cosmologies or parameters, calculating the dwarf halo abundance is nontrivial and
requires numerical simulation, but based on Press-Schechter-like arguments we can expect
that changing the shape of the high-k power spectrum will change the shape of the low-M
mass function [17]. For example, if we truncate the power spectrum on progressively larger
scales, we would expect a truncation in the mass function at progressively larger masses,
qualitatively similar to what is shown in Figure 1.

Counts of low-mass halos and subhalos can therefore provide potentially interesting con-
straints on the physics of dark matter and the early universe. The most obvious means
of counting low-mass halos would be to count low-luminosity dwarf satellites in the Local
Group, and e↵orts to do so have led to the famous “missing satellites problem” [16]. The
Milky Way appears to have . 100 luminous satellites, far below the thousands of DM sub-
halos found in N-body simulations of Galactic-mass halos [18–20]. It is widely believed that
the resolution of this apparent discrepancy lies within baryonic astrophysics, i.e. the Milky
Way may indeed possess thousands of subhalos, however most of them have low e�ciency
in producing stars and hence remain dark and undetectable in optical surveys.

2

subhalos



How to measure?

• count small galaxies / satellites

➡ missing satellite problem (see Kravtsov 2012  
for recent review)

Advances in Astronomy 7

disfavored by the fact that ultra-faint dwarfs appear to lie
on the continuation of the luminosity-metallicity relation of
more luminous dwarf galaxies [73].)

More practically, the extreme faintness of the majority of
dwarf satellites implies that we have a more or less complete
census of them only within the volume of ∼30–50 kpc of the
Milky Way [56, 74]. Figure 5 shows the distance to which the
dwarfs of a given luminosity are complete in the SDSS survey,
in which the faintest new dwarfs have been discovered. The
figure shows that we have a good census of the volume of
the Local Group only for the relatively bright luminosities
of the “classical” satellites. At the fainter luminosities of
the ultra-faint dwarfs, on the other hand, we can expect to
find many more systems at larger radii in the future deep
wide area surveys. The exact number we can expect to be
discovered depends on their uncertain radial distribution,
but given the numbers of already discovered dwarfs and
our current knowledge of the radial distribution of brighter
satellites (and expected radial distribution of subhalos), we
can reasonably expect that at least a hundred faint satellites
exist within 400 kpc of the Milky Way. This is illustrated in
Figure 6, which shows the luminosity function of the Milky
Way satellites corrected for the volume not yet surveyed
under different assumptions about radial distribution of the
satellites [56].

The basis for considering these extremely faint stellar
systems as bona fide galaxies is the fact that unlike star
clusters, they are dark matter dominated: that is, the total
mass within their stellar extent is much larger than the
stellar mass expected for old stellar populations [48]. The
total dynamical masses of these galaxies are derived using
kinematics of stars. (These faint dwarf spheroidal galaxies
do not have cold gas and therefore their mass profiles
cannot be measured using the gas rotation curve, as is
commonly done for more massive dIrr galaxies.) High-
resolution spectroscopy of the red giant stars in the vicinity
of each galaxy provides the radial velocities of these stars.
The radial velocities can then be modeled using using the
Jeans equilibrium equations to derive the total mass profile
[75–80]. This modeling requires certain assumptions about
the unknown shape of the stellar distribution and velocity
distribution of stars, as well as assumptions about the
shape and radial profile of the dark matter distribution.
The resulting mass profile, therefore, has some uncertainty
associated with these assumptions [75, 78, 80].

Additionally, the ultra-faint dwarfs follow scaling rela-
tions of the brighter classical satellites such as the luminosity-
metallicity relation [73] and, therefore, seem to be the low
luminosity brethren within the family of dSph galaxies.

3. Defining the Substructure Problem

As I noted above, comparison of theory and observations
in terms of the directly observable quantities such as
luminosities is possible only using a galaxy formation model.
These models, although actively explored [39, 81–87] (see
also Section 4.3) are considerably more uncertain than the
predictions of dissipationless simulations on the properties
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Figure 7: Comparison of the cumulative circular velocity functions,
N(> Vmax), of subhalos and dwarf satellites of the Milky Way within
the radius of 286 kpc (this radius is chosen to match the maximum
distance to observed satellites in the sample and is smaller than the
virial radius of the simulated halo, R337 = 326 kpc). The subhalo
VFs are plotted for the host halos with maximum circular velocities
of 160 km/s and 208 km/s that should bracket the Vmax of the actual
Milky Way halo. The VF for the observed satellites was constructed
using circular velocities estimated from the line-of-sight velocity
dispersions as Vmax =

√
3σr (see the discussion in the text for the

uncertainties of this conversion).

of dark matter subhalos. Given that observed dwarf satellites
are very dark matter dominated, the dissipative processes
leading to formation of their stellar component are expected
to have a limited effect on the distribution of the dynamically
dominant dark matter. Fruitful comparison between simula-
tion predictions and observations is, therefore, possible if a
quantity related to the total mass profile can be measured in
the latter.

The first attempts at such comparisons [8, 9] assumed
isotropy of the stellar orbits and converted the line-of-
sight velocity dispersion of stars in dSph satellites, σr ,
to estimate their maximum circular velocities as Vmax =√

3σr . The admittedly oversimplistic conversion was adopted
simply due to a lack of well-measured velocity profiles and
corresponding constraints on the mass distribution at the
time. Figure 7 shows such a comparison for the classical
satellites of the Milky Way and subhalo populations in
Milky Way-sized halos formed in the concordance ΛCDM
cosmology.(I did not include the new ultra-faint satellites in
the comparison both because their Vmax values are much
more uncertain and because their total number within
the virial radius requires uncertain corrections from the
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Figure 8: The mass function of dwarf satellites of the Milky Way,
where masses of subhalos and observed satellites are measured
within a fixed physical radius of 0.6 kpc. Adopted from [90].

and observed satellites of the Milky Way, where masses are
measured within a fixed physical radius of 600 pc (see also the
discussion in Section 4.3 and Figure 12). The figure shows
that the simulated and observed mass functions are different,
the conclusion similar to that derived from the comparison
of the circular velocity functions.

Thus, the discrepancy that is clearly seen in the com-
parison of circular velocity functions, measured with more
uncertainty in observations, persists if the comparison is
done using a much better measured quantity. Unfortunately,
the stellar distribution in most of the newly discovered ultra-
faint dwarf galaxies does not extend out to 600 pc radius
and m(r < 0.6 kpc) ≡ m0.6, therefore, cannot be measured
as reliably for these faint systems as for the classical dwarfs.
Similar comparisons have to be carried out using masses
within smaller radii. This puts stringent requirements on the
resolution of the simulations, as they need to reliably predict
mass distribution of subhalos within a few hundred parsec
radius. Such high-resolution simulations are now available
[31–33].

We can draw two main conclusions from the compar-
isons of the circular velocity functions and the more reliable
m0.6 mass functions of subhalos and observed satellites
presented in the previous sections, even taking into account
existing uncertainties in deriving circular velocities and the
total dynamical masses for the observed satellites. First,
the predicted abundance of the most luminous satellites is
in reasonable agreement with the data, even though the
statistics are small. Most MW-sized halos simulated in the
concordance ΛCDM cosmology have ∼1 SMC/LMC sized
(Vmax ≈ 50–70 km/s) subhalos within their virial radius.

This is not a trivial fact because the abundance of the
most massive satellites is determined by a subtle interplay
between the accretion rate of systems of corresponding
circular velocity and their disruption by the combined effects
of the dynamical friction and tidal stripping [95]. Dynamical
friction causes satellites to sink to the center at a rate which
depends on the mass and orbital parameters of satellite orbit.
Orbital parameters, in turn, depend on the cosmological
environment of the accreting host halo and are mediated by
the tidal stripping which reduces satellite mass as it sinks,
thereby rendering dynamical friction less efficient [96–99].
The fact that the concordance ΛCDM model makes an ab
initio prediction that the number of massive satellites that
can host luminous dwarfs is comparable to observations can
therefore be viewed as a success of the model.

Second, the slopes of both the circular velocity function
and the m0.6 mass function are different in simulations and
observations. This implies that we cannot simply match all
of the luminous satellites to the subhalos with the largest
Vmax andm0.6, as was sometimes advocated [89, 91]. Them0.6

mass function comparison, in particular, indicates that there
should be some subhalos with the m0.6 ∼ 107M! that do not
host the luminous galaxies, and some that do. As I discuss
in Section 4.2, this has a strong implication for the physical
interpretation of the difference in terms of galaxy formation
scenarios.

In summary, the substructure problem can be stated as the
discrepancy in the slopes of the circular velocity and m0.6 mass
functions inferred for observed satellites of the Milky Way and
the slopes of these functions predicted for dark matter subhalos
in the MW-sized host halos formed in the concordance ΛCDM
cosmology.

I believe that stated this way the problem is well defined.
Defining the problem in terms of the difference in the
actual number of satellites and subhalos is confusing at
best, as both numbers are fairly strong functions of subhalo
mass or stellar luminosity. Thus, for example, even though
the discovery of the ultra-faint dwarfs implies the possible
existence of hundreds of them in the halo of the Milky
Way [49, 75] (this fact has been used to argue that the
substructure problem has been “alleviated”), the most recent
simulations show that more than 100 000 subhalos of mass
msub > 105M! should exist in the Milky Way [31, 32].
(Indeed, it is not obvious a priori that subhalos of mass
105-106M! are too small to host luminous stellar systems
of stellar mass M∗ ∼ 103-104M! [100]—the stellar masses
corresponding to the luminosities of the faintest recently
discovered dwarfs. After all, the halos of this mass are
expected to be hosting formation of the very first stars [101].)
The substructure problem stated in the actual numbers
of satellites is therefore alive and well and has not been
alleviated in the least.

I would like to close this section by a brief discussion of
the comparison of spatial distribution of observed satellites
and subhalos. As I noted above, the radial distribution of the
observed satellites of the Milky Way is more compact than the
radial distribution of subhalos selected using their present
day mass or circular velocity [39, 57, 102]. In addition,
the observed satellites are distributed in a quite flattened



How to measure?

• count small galaxies / satellites

➡ missing satellite problem (see Kravtsov 2012 
for recent review)

➡ but low-mass subhalos could be dark...

• need gravitational probe to see dark halos/subhalos

• heating of tidal streams 
(e.g. Carlberg 2012)

• gravitational lensing!

The Astrophysical Journal, 748:20 (9pp), 2012 March 20 Carlberg

Table 1
Observed Stream Gap Statistics

Stream Gaps Length Width Age RGC n/n0
(kpc) (kpc) (Gyr) (kpc)

M31-NW 12 200 5 10 100 6
Pal 5 5 6.5 0.11 7 19 24
EBS 8 4.7 0.17 7 15 30
Orphan 2 30 1.0 3.9 30 20

for globular clusters and we do not expect molecular clouds
along the large radius orbit of the NW stream.

The rate equation, Equation (5), applied to the M31 NW
stream requires a minimum sub-halo mass of M̂ = 1.3×108 M"
and implies a total of 205 sub-halos, which is a factor of
7.3 higher than 28 known dwarf galaxies of M31 (Richardson
et al. 2011) but includes objects out to 433 kpc, of which the only
the inner 150 kpc radius volume has been carefully searched.
Therefore, the M31 stream does not demand a huge dark matter
sub-halo population by itself, but this analysis does recover the
well-known discrepancy which begins to appear for even fairly
massive sub-halos.

3.2. The Pal 5 Stream

A narrow stream is predicted to have more visible gaps
relative to a wider stream at a larger radius. The globular cluster
Pal 5 has both leading and trailing streams with the northern,
trailing arm having the most data in the Sloan Digital Sky Survey
(SDSS). With data made available before Data Release 1 (DR1),
Odenkirchen et al. (2003) found the stream to be about 6◦ long
and measured the width to be 0.11 kpc. With the better coverage
of SDSS DR4, Grillmair & Dionatos (2006) found that the
northern arm was about 18.◦5 and provided a surface density
contour plot showing the considerable variation in the surface
density of the stream. The density variations closest to the cluster
are convincingly explained as epicyclic pileups of stars tidally
stripped from the cluster (Küpper et al. 2010, 2011); however,
beyond about 1 kpc (2.◦5) the variation in phase angles smooths
out this behavior. From the published Figure 3 of Grillmair &
Dionatos (2006) we count regions in the stream below the lowest
contour to find that there are about five gaps over the outer 16◦

of the northern tail of Pal 5. Odenkirchen et al. (2003) estimated
that the 5◦–6◦ of stream took about 2 Gyr to fill out, which scaled
to the 18.◦5 length gives an age of about 7 Gyr. With these values
we estimate the linear gap creation rate in the northern stream of
Pal 5 to be about 0.11 kpc−1 Gyr−1 to which we assign an error
of 50% based on uncertainties in the gap counts and stream age.

3.3. The EBS Stream

Grillmair (2011) finds that the EBS is 0.17 kpc wide and
located at a galactocentric distance of about 15 kpc. Figure 4
of his paper plots the density along the 18◦ of the stream with
an estimate error of 30% in each bin of 0.◦5. We estimate that
there are between about 4 and 12 gaps along the stream. We
will take the stream age to be approximately 7 Gyr to derive
a gap creation rate of 0.24 gaps kpc−1 Gyr−1, with about a
factor-of-two uncertainty in this value.

3.4. The Orphan Stream

The Orphan Stream (Grillmair 2006; Belokurov et al. 2006,
2007) has received considerable attention, culminating with a
detailed orbital model (Newberg et al. 2010). Increasing the

Figure 11. Estimated gap rate vs. stream width relation for M31 NW, Pal 5,
the EBS, and the CDM halo prediction. All data are normalized to 100 kpc.
The width of the theoretical relation is evaluated from the dispersion in the
length–height relation of Figure 8. Predictions for an arbitrary alternative mass
functions, N (M) ∝ M−1.6, normalized to have 33 halos above 109 M" are
shown with a dotted line.

mean distance from 20 to 30 kpc revises Grillmair’s (2006)
estimated width of 700 pc–1 kpc. Gaps are marginally present in
Figure 5 of Newberg et al. (2010) at −16◦ and −31◦, particularly
when compared to the bottom panel of their Figure 17. We
estimate that there are two gaps present, although we will allow
a 100% error on this estimate. Newberg et al. (2010) present a
model that estimates the age of the stream to be about 3.9 Gyr.
If we used the dynamical age of 3.9 Gyr rather than a uniform
7 Gyr the correction would raise the Orphan data into better
agreement with the prediction.

The estimated rate of gap creation in the EBS stream with
Equation (5) implies a minimum halo mass of M̂ & 1×105 M".
The derived minimum mass implies a total of 1×105 sub-halos,
although we note that both the mass and in turn the implied total
number of sub-halos are sensitive to the gap rate estimate and
the details of the model in Equation (5). Possible complications
for the EBS stream is that the sub-halos are subject to erosion
by the disk and bulge (D’Onghia et al. 2010) and the stream
may encounter smaller scale structures such as spiral arms and
molecular clouds which could add to gaps in the stream.

4. COMPARISON OF PREDICTIONS
AND OBSERVATIONS

The observed stream gap rate and width estimates are sum-
marized in Table 1. The results of this paper are largely encapsu-
lated in Figure 11, which plots the measured and predicted gap
rates against the widths of the streams. The data have all been
rescaled to a galactocentric distance of 100 kpc using n(r)/n0
and r in Equation (11). The agreement of the data and the CDM
sub-halo prediction is remarkable. We show the relation for an
arbitrary shallower N (M) ∝ M−1.6 normalized to have the same
number, 33, of sub-halos above 109 M" present in the LCDM
prediction. This alternative demonstrates that the slope of the
relation needs to be quite close to the LCDM value to account

8



• the deflection of light rays 
caused by inhomogeneities

• also distorts the apparent shapes 
& sizes of observed sources

• amount of lensing characterized 
by convergence κ ~ ∫ δρ dl

• Two regimes:

✦ weak lensing (|κ| ≪ 1) :
small distortion

✦ strong lensing (κ ≳ 1) : large 
distortion & multiple imaging

Gravitational lensing

credit:
E. Wright

credit:
D. Jarvis



subhalo lensing
small (M<108 M☉) halos and subhalos are wimpy 
lenses!

• small size (≲ kpc), so each one affects a small 
fraction of the sky

• lensing amplitude is weak (central κ,γ ≲ 0.1)

• can’t stack if they’re dark (where to stack?) 

• need a way to boost their effect to detect 
them...



	
 strong lensing

• if a small halo/subhalo projects near a 
strong lens, then the big lens can magnify 
the lensing effect of the small halo

�✓ ⇡ M ·�↵

if high magnification,
then perturbation
can have big effect!
(Mao & Schneider 1998)



• when 2 images are close 
together, they should have 
nearly equal brightness

• similar relation when 3 
images occur close 
together:

universality relations
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universality relations
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B1555+375, CLASS survey (Browne et al. 2003) B2045+265, CLASS survey (Browne et al. 2003)



flux anomalies

• implication: local scale length rs is much smaller 
than size of the system ⟹ substructure in the 
potential

• in radio quasars, flux ratio anomalies can only be 
caused by mass substructure (not true for optical 
lenses)

• flux anomalies occur in almost all of the observed 
quasar lenses ⟹ lots of substructure!



how do we know it’s 
substructure?

• radio flux ratios independent of λ, as 
expected for lensing but unlike propagation 
effects (like scintillation or dust extinction)

• observed parity dependence: 
+ parity magnified,  – parity demagnified

• radio quasars too big to be affected by 
stellar microlensing, unlike stellar QSO’s.

• see Kochanek & Dalal (2003) for more...



• Dalal & Kochanek 
(2002) analyzed 
sample of 7 radio 
lenses

• found that ~ 1% of 
projected mass at 
5kpc is in substructure

• but uncertainty was 
about factor of 10!

analysis of radio lenses

~1010M☉

~106M☉



how to improve?

• we need a new class of lensed sources! 



ALMA

- Interferometric array of 66 telescopes

- Wavelength: mm/submm

- Resolution: ~10 milli-arcsec (16 km baseline)

- Started Operating in 2012



Note that sources are bright in submm and invisible in visible/IR,
while lenses are invisible in submm and bright in visible/IR.

ALMA Cycle 0 Band 7 350 GHz
2 minute snapshots

= deep NIR imaging

= 2 minute ALMA 350 GHz snapshot8" x 8" boxes



= NIR imaging

= submm imaging



okay.... so what?
• lensed SMG’s are perfect for 

detecting substructure!

• theoretically, we expect these 
galaxies to contain many 
compact star-forming 
clumps (~100pc) inside much 
bigger GMC’s (~kpc).  see 
also local analogues like Arp 
220

• clumps are extremely bright 
in lines like CO 7-6

• example: high resolution SMA 
imaging of lensed SMG reveals 
compact source clumps 
(Swinbank et al. 2010)

Adopting r5 1.5 kpc, the star-formation efficiency is e< 0.02, which
is consistent with that derived for local ultra-luminous infrared
galaxies17 and archetypal high-redshift sub-millimetre galaxies9, but
a factor of 20 lower than the most extreme ‘hyper’-starbursts at z< 6
(ref. 18).

Sub-Millimeter Array observations spatially resolve the galaxy’s
870-mm (345-GHz) continuum emission with a 0.299 synthesized
beam, providing a detailed view of the galaxy’s morphology. Figure 1
shows eight discrete components over ,499 in projection. These
represent two mirror images of the source, each comprising four
separate emission regions, reflected about the lensing critical curve.
Themap contains a total flux of S850mm5 (866 3)mJy, or (826 2)%
of the flux in the LABOCA map, suggesting that the structures in the
Sub-MillimeterArraymapcontain thebulkof the870-mmluminosity.
Reconstructing the source-plane image, the galaxy comprises four
bright star-forming regions in the source plane (A, B, C andD), which
are separated by 1.5 kpc in projection (A and B are separated by
,800 pc, C and D by ,450 pc). Assuming the dynamics of the CO
emission trace the virialized potential well of the galaxy, then on these
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Figure 1 | Multi-wavelength images of the galaxy cluster MACSJ2135-
0102. a, Hubble Space Telescope VI-band colour image of the galaxy cluster
with white contours denoting the 870-mm emission from observations with
LABOCA on the APEX telescope. Contours denote 5s, 10s, 15s, 20s, 25s
and 30s (with root-mean-square noise of 3.5mJy), identifying a sub-
millimetre galaxy with flux 106.06 7.0mJy (the quoted error on the galaxy
flux includes calibration uncertainties) at a5 21:35:11.6, d5201:02:52.0
(J2000), which is associated with a faint optical counterpart with magnitude
IAB5 23.66 0.2. The solid red lines denote the z5 2.326 radial and
tangential critical curves from the best-fit lens model. b, True-colour IRAC
3.6 mm, 4.5mm, 8.0 mm image of the cluster core with contours denoting the
350-mm emission from observations with the Submillimetre APEX
Bolometer Camera (SABOCA). Contours are spaced at 5s, 10s, 15s and 20s
(with root-mean-square noise of 23mJy); the 350 mm flux is 5306 60mJy.
The mid-infrared counterpart is clearly visible as an extended red galaxy
centred at the sub-millimetre position. The LABOCA and SABOCA full-
width at half-maximum (FWHM) beams are 1999 and 899 respectively. The
origins of both images are on the lensed galaxy with north up and east left.
c, Sub-Millimeter Array 870-mm image of the lensed galaxy. The map shows
eight individual components, separated by up to 499 in projection. The
contours denote the 870-mm emission and start at 3s and are spaced by 1s
(where 1s is 2.1mJy). The red line is the same z5 2.326 radial critical curve
as in a and b. The components (A, B, C and D) represent two mirror images
of the galaxy, each comprising four separate emission regions reflected about
the lensing critical curve. The inset shows the 0.33993 0.2199 synthesized
beam with position angle of 15u east of north.
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Figure 2 | Carbon monoxide observations of SMMJ213520102 obtained
with the Green Bank Telescope and Plateau de Bure Interferometer. The
redshift of z5 2.32596 0.0001 was derived from observations using
Zpectrometer, a wide-band spectral instrument on the Green Bank
Telescope28. a, Zpectrometer CO(1–0) spectrum, showing a double-horned
profile with a velocity offset of (2906 30) km s21 between the two peaks.
b, Plateau de Bure observations of the CO(3–2) emission, confirming both
the redshift and the multiple velocity components seen in CO(1–0). The
CO(3–2)/CO(1–0) flux ratio of 5.96 0.3 suggests that the molecular gas is
subthermally excited and we therefore derive a cold gas mass of
Mgas5M(H21He)5 aL9CO(1–0)5 (1.66 0.1)3 1010M[ with a5 0.8 (we
adopt a cosmology withVL5 0.73,Vm5 0.27 andH05 72 km s21Mpc21).
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The Strength of Substructure Lensing 
Signal Depends on the Source Size
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Compact Sources Are Perturbed More Strongly



Spatially resolved spectroscopy

ENGEL ET AL 2010, APJ



Velocity decomposition can separate 
small features of the source

so each SMG is equivalent to having 
many sources behind each lens!



Preliminary results

Our first observations were taken late last year; 
here are some early results... 



3D structure



Lens modeling
• ALMA is an interferometer, so the observables are 

(millions of) visibilities in the uv plane

• We fit the visibilities, not CLEAN images

• Our model has 10’s of thousands of free 
parameters, including things like time-varying 
antenna phase errors.  We marginalize over all of 
them.

• This is crucial!  Improper treatment of phase 
errors will lead to spurious detection of subhalos



Subhalo detection

• a M=109 M☉ subhalo is detected at ~ 7-sigma 
confidence in the first system we analyzed 



detected in multiple bands



covariance
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Other subhalos?

• this map shows how the fit improves (Δχ2) as we 
add a subhalo at various other locations...

• seems to be ~ 4.5σ hint for an additional subhalo 
with M=108 M☉



bounds on the subhalo mass function

grey band = 
previous bounds 





New simulation code for hot particles

• with Arka Banerjee (student) 

• combines elements of Lagrangian (N-body) and Eulerian 
(hydrodynamic) simulations

• applicable for WDM as well as massive neutrinos; 
avoid shot noise problems that arise in N-body sims

CDM neutrinos P(k)

ν

dm



Conclusions:

46

Conclusion:

• SMG lensing is great for DM substructure

• stay tuned!
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Substructure power spectrum

• besides all the big, 5-10σ objects, 
there are many more subhalos 
that produce 1-2σ effects.

• although we don’t detect them 
individually, their collective 
effects can be detected 

• note: easily distinguishable from 
measurement noise or source 
fluctuations

expected constraints from 10 lenses

Hezaveh et al. (2014)

Hezaveh et al. (2014)

VL2 P(k)



Strength of High-J Lines

RANGWALA ET AL 2011, APJ 743-1 LESTRADE ET AL 2010, A&A 522

⇒ High excitation lines are 
1) more compact (more sensitivity to substructure) 

2) brighter (higher signal to noise ratios) 


